Abstract. Cluster of differentiation 26 (CD26), also known as dipeptidyl peptidase IV (DPP4), is a cell surface protein with exopeptidase activity and is expressed by most cell types. CD26/DPP4 is a multifunctional molecule with diverse biological effects, including regulatory effects on tumor growth, invasion and metastasis, and is a potential novel therapeutic target for selected cancers. In this study, we retrospectively analyzed diabetic patients with concurrent advanced airway or colorectal cancer to examine the effect of DPP4-inhibitors on progression-free survival (PFS). We performed a multi-center retrospective review of patients with advanced colorectal or airway (lung, head and neck) cancer and a concurrent diagnosis of diabetes. The control group included patients on metformin and a sulfonylurea, and the study group included patients on metformin and a DPP4 inhibitor. Ninety-six patients were eligible for the study. The cancers progressed in 23.7% of patients treated with DPP4 inhibitors compared to 50.9% of patients in the control group with an odds ratio of 0.303 [95% confidence interval (CI): 0.106-0.809] and P=0.010. There was a statistically significant improvement in PFS in the study group as compared to the control group, hazard ratio=0.42 (95% CI: 0.21-0.84) and P=0.014. There was a trend toward improvement in overall survival, although this effect was not statistically significant (P=0.11). Exposure to DPP4 inhibitors in the study group led to higher PFS in patients with advanced colorectal and airway cancers. Additional investigations with larger patient cohorts are needed to validate the relationship between DPP4 inhibition and the clinical outcome of selected malignancies.
Introduction
Cluster of differentiation 26 (CD26), otherwise known as dipeptidyl peptidase IV (DPP4), is a multifunctional cell surface protein that is expressed by many normal cell types, with variable expression in different cancers. The diverse functions of CD26/DPP4 include its peptidase activity, through which it exerts its biological functions by regulating chemokine processing, signal transduction and glucose metabolism (1) (2) (3) . CD26/DPP4 also carries out its biological functions through its association with various proteins and its interaction with the cell microenvironment (1) . In some cancers, decreased CD26/DPP4 expression has been associated with cancer progression, thereby suggesting that it is a tumor suppressor; whereas, in other cancers, increased CD26/DPP4 expression has been associated with increased tumor metastasis (1, 3) . In view of its role in cancer biology, CD26/DPP4 has been the subject of multiple pre-clinical studies suggesting that it may be a novel therapeutic target for selected tumors (1, (3) (4) (5) (6) .
In addition to its role in cancer, CD26/DPP4 has an important function in glucose metabolism by enzymatically degrading the insulin-secreting hormones glucagon-like peptide-1 (GLP-1) and GLP-2 to suppress glucagon secretion. Because of this unique role, DPP4 inhibitors (e.g., sitagliptin) are currently widely used in the treatment of diabetes mellitus.
While studies with animal models have demonstrated that colorectal and lung cancers can be treated with DPP4 inhibition (7, 8) , no published work has examined and evaluated the effect of treatment with DPP4 inhibitors on the survival of patients with advanced malignancies. In this study, we evaluated the clinical outcome of diabetic patients on DPP4 inhibitors with advanced colorectal or airway (lung, head and neck) malignancies. These particular neoplasms were selected as existing pre-clinical data suggested that CD26/DPP4 is a potential therapeutic target in these cancers, and as colorectal A multi-center retrospective analysis of the effect of DPP4 inhibitors on progression-free survival in advanced airway and colorectal cancers The inclusion criteria in the study group included the presence of advanced (defined as stage 3 or 4) colorectal adenocarcinoma, lung carcinoma (squamous, adenocarcinoma, or small cell) or head and neck squamous cell carcinoma, as well as a diagnosis of diabetes that was being treated with active anti-hyperglycemic therapy. The study group included patients on metformin (500-2,000 mg total daily dose) and DPP4 inhibitor agents (50-100 mg sitagliptin daily, 5 mg saxagliptin daily or 5 mg linagliptin daily). The control group included patients on metformin (500-2,000 mg daily) and sulfonylurea agents (2.5-10 mg glipizide daily, 5-10 mg glyburide daily or 1-4 mg glimepiride daily).
Exclusion criteria included patients with early stage cancers (stage 1 and 2), neuroendocrine pathology, less than a 1-month overlap between duration of anti-hyperglycemic therapy and the presence of advanced stage malignancy or patients on other anti-hyperglycemic therapies including insulin.
Patient selection. With assistance from the UF Integrated Data Repository (IDR) and the Ochsner Electronic Research Submission System (ERSA), patient selection was achieved by screening for ICD-9/ICD-10 codes and medication names in the aforementioned inclusion criteria. Each patient chart from the list generated by IDR/ERSA was then individually reviewed via an electronic medical record in order to omit patients who met any of the aforementioned exclusion criteria. Patient demographics and details of their diabetes (including antihyperglycemic medications and the result of the hemoglobin A1c test at the time of cancer diagnosis), cancer diagnosis (location, histologic subtype and stage), cancer treatment (chemotherapy, surgery and/or radiation), response and/or progression of cancer, and overall survival were obtained, as noted in the Results section below.
Data analysis. All data generated or analyzed during this study are included in this published article. Univariate analysis of the association between cancer progression (progressed or not progressed) and the treatment received was performed using Fisher's exact test. Then the odds ratio and 95% confidence interval (CI) were calculated. The hazard ratios (HR) of the study and control groups and their 95% CIs were estimated from univariate or multivariate Cox Proportional Hazard models with PFS as the outcome. Survival curves of PFS and OS were generated using the Kaplan-Meier test. PFS was defined as time in months from diagnosis until clinical or radiological progression of cancer. OS was defined as time in months from diagnosis until death. The log-rank test was used to compare the survival curves between the study and control groups. All data analysis was conducted with SAS 9.4 by the biostatisticians in the Department of Biostatistics at UF.
Results

Demographics.
Initially, IDR/ERSA generated a combined list of >1,000 charts based on the inclusion criteria. Once the inclusion and exclusion criteria were applied, a total of 96 patients were eligible for analysis. Table I shows the overall demographics of the patients with associated P-values. There was no statistically significant difference in sex, ethnicity, smoking history, age or mean hemoglobin A1c between the control and study groups. The difference in BMI was statistically significant (P= 0.0058), with the study cohort's mean BMI being 32.2 kg/m 2 and SD being 6.9 kg/m 2 while the control cohort had a mean BMI of 28.3 kg/m 2 and a SD of 6.3 kg/m 2 . Table II shows the cancer-specific characteristics, including cancer type, stage and tumor pathologies (including adenocarcinoma, squamous, and small cell cancer) for each cohort.
Cancer specific demographics. The control group included 57 patients (59%), out of which 30 patients (53%) had colorectal cancer and 27 patients (47%) had an airway cancer. Of the patients with colorectal cancer, 19 patients (63%) had a stage 3 disease, while 11 patients (37%) had a stage 4 disease. Among the patients in the stage 3 colorectal cancer group, all 19 patients received chemotherapy and surgical resection, and 6 patients (32%, all cancers located in the rectum) received radiation therapy. Among the patients in the stage 4 colorectal cancer group, 9 patients (82%) received chemotherapy, 4 patients (36%) underwent surgical resection and 2 patients (18%, both cancers located in the rectum) received radiation therapy. In the airway cancer control group, 17 patients (63%) had a stage 3 disease and 10 patients (37%) had a stage 4 disease. In the stage 3 category, 15 patients (88%) received chemotherapy, 5 patients (29%) underwent surgical resection and 15 patients (88%) received concurrent radiation therapy. In the stage 4 group, 9 patients (90%) received chemotherapy, 2 patients (20%) received surgery (both in the head and neck subgroup) and 3 patients (30%) received palliative radiation.
The study group included 39 patients (41%), of those, 21 patients (54%) had colorectal cancer and 18 patients (46%) had an airway cancer. In the colorectal cancer study group, 18 patients (85%) had a stage 3 disease, while only 3 patients (14%) had a stage 4 disease. Among the patients in the stage 3 colorectal cancer study group, all 18 patients underwent surgical resection and received chemotherapy, and 6 patients (33%, all cancers located in the rectum) had radiation treatment. Among the patients in the stage 4 group, 2 patients (67%) received chemotherapy, 2 patients (67%) had palliative surgery and no patients received radiation. In the airway cancer study group, 10 patients (56%) had a stage 3 disease and 8 patients (44%) had a stage 4 disease. Among the patients in the stage 3 group, all 10 patients received chemotherapy, 2 patients (20%) underwent surgical resection and 8 patients (80%) had concurrent radiation therapy. Among the patients in the stage 4 group, 7 patients (88%) had chemotherapy, 2 patients (25%) had neck dissection surgery and 6 patients (75%) had radiation therapy.
With regards to location of the colorectal cancers in the study group, 9 patients had right-sided colon cancer, 6 patients had left-sided colon cancer and 5 patients had rectal cancer (the location of the carcinoma was not available for 1 patient). Three patients were tested for BRAF mutations and all were found to be wild type. In the control group, 9 patients had right-sided colon cancer, 10 patients had left-sided colon cancer and 9 patients had rectal cancer (the location was not available for 2 patients). Eight patients were tested for BRAF mutations, 6 of which were found to be wild type (75%), 1 patient possessed a mutant phenotype and 1 patient had an indeterminate phenotype.
Progression-free survival and overall survival. With a median follow-up time of 26 months (range: 1-204 months), PFS was significantly improved in the study group as the HR was 0.42 (95% CI: 0.21-0.84) and P= 0.014. Malignancies progressed in 23.7% of patients treated with DPP4 inhibitors, compared to 50.9% of patients in the control group; the OR was 0.303 (95% CI: 0.106-0.809) and P= 0.010. The median antihyperglycemic treatment time of patients diagnosed with cancer was 15 months (range: 1-142 months) for the control group and 13 months (range: 1-59 months) for the study group.
We performed multivariate analyses to assess the effectiveness of the treatment by controlling for variables including cancer type, cancer stage, history of surgical resection, non-small vs. small cell cancer (for the airway group), and right-sided vs. left-sided cancer (for the colorectal group) (Fig. 1) . When controlled for cancer type (airway vs. colorectal), PFS was significantly improved in the study group with a HR of 0.42 (95% CI: 0.21-0.83) and P=0.013. When controlled for cancer Fig. 2 shows a Kaplan-Meier curve comparing PFS between the control and study groups. The study group had a statistically significant improvement in PFS compared to the control group (P= 0.01). Fig. 3 shows the comparison of OS between the control and study groups. Although there was trend towards improvement in OS in the study group, this difference was not statistically significant compared with the control group (P=0.11). The OS rate in control group was 71.93% (95% CI: 58.46-83.03) and the OS rate in the study group was 84.62% (95% CI: 69.47-94.1%).
Discussion
The precise role of CD26/DPP4 in tumor biology is unclear at this time. Preclinical studies have shown conflicting data with differential CD26/DPP4 expression and activity depending on the type of cancer. These studies suggest that it has a role as either a tumor suppressor or tumor activator depending on the tumor microenvironment and molecules with which CD26/DPP4 associates (1,3) . However, since most of these studies involved in vitro assays, further investigations with in vivo experiments are needed to definitively establish the role of CD26/DPP4 in each cancer type.
Published studies have demonstrated that CD26/DPP4 plays a major role in the invasion and metastasis of selected cancers, and may be a novel therapeutic target (1,2,5,6 ). There are several suggested mechanisms for cancer metastasis involving the intrinsic peptidase activity of CD26/DPP4 and its subsequent chemokine regulation, as well as its ability to bind key molecules. For example, CD26/DPP4 can upregulate the expression of matrix metalloproteinases (MMPs), which are responsible for the degradation of the extracellular matrix (ECM), a process necessary for cancer invasion and metastasis (9, 10) . CD26/DPP4 is also associated with fibroblast activation protein (FAP)-α, activating signal cascades that lead to a number of effects, including the formation of invadopodia-like protrusions with MMP activation (11) and suppression of anti-tumor immunity (12) . CD26/DPP4 was correlated with poor survival in lung cancer patients (13) . Additionally, CD26/DPP4 has been shown to bind ECM proteins, collagen and fibronectin through which it can directly participate in the process of tumor invasion (2, 14) . CD26/DPP4 has also been shown to be a marker for hypoxia-induced factor 1 (HIF-1), which can be activated in perfusion-starved tumors and is responsible for re-initiating angiogenesis, thus leading to the development of resistance to anti-angiogenic drugs, which are otherwise now widely used in many types of cancer (15) . Moreover, CD26/DPP4 may play a role in inhibiting tumor immune surveillance by cleaving CXCL10 and CXCL12, ligands that would otherwise assist in lymphocyte chemotaxis and migration (16, 17) .
There have also been several in vivo studies with animal models demonstrating that CD26/DPP4 depletion/inhibition with either knockout mice or DPP4-inhibitors results in the tumor control of neoplasms such as melanoma (18) , cervical cancer (19) , colorectal cancer (7, 20, 21) and non-small cell lung cancer (8) . To the best of our knowledge, our study is the first to evaluate the anti-tumor effect of DPP4 inhibitors in a clinical setting. We observed that the simultaneous use of DPP4 inhibitors in advanced colorectal or airway malignancies was associated with a statistically significant improvement in PFS. Of importance is the fact that DPP4-inhibitors are very well tolerated among patients with diabetes. There was a statistically significant difference when evaluated by the subgroups, including cancer types (colorectal and airway), cancer stage (stage 3 and 4) and history of surgical resection. There was a trend towards improvement in PFS in the study group, when controlled for small vs. non-small airway cancers, and right-sided vs. left-sided colorectal cancers, but the difference was not statistically significant. There was also a trend toward improvement in OS in the study group; however, the difference was not statistically significant due to the sample size being relatively small. Further subgroup analysis in OS was not performed as small sample size served as a limitation to accurately analyze further results with statistical value.
We recognize that there are limitations to the data and analysis inherent to the study design as a retrospective review. For instance, there was a potential sampling bias as the size of the stage 3 colorectal cancer cohort was larger compared to the stage 4 colorectal cancer cohort; in the study group, 86% of patients had stage 3 cancer vs. 14% of patients with stage 4 cancer and in the control group, 63% of patients had stage 3 cancer vs. 37% of patients with stage 4 cancer. While the disproportion in colorectal cancers can certainly bias the results to benefit the study group, we did notice that the control group also had more stage 3 patients. When controlled for stage 3 vs. stage 4, PFS was significantly improved in the study group. Moreover, when cancer type, stage and resection history were all controlled, PFS was significantly improved in the study group, further strengthening our results. Mean BMI was also statistically significant (32 kg/m 2 in the study group vs. 28.3 kg/m 2 in the control group). The effect of the difference in mean BMI is less clear; nonetheless, the obesity paradox has to be considered as a potential bias to benefit the study group. We also recognize that while lung, and head and neck cancers share several features and risk factors, they do not have an identical pathophysiology or even treatment approach. As stage 3 and 4 malignancies were chosen to minimize follow up times, this also serves as a potential limitation that early stage malignancies were excluded in favor of the study design. Nonetheless, even with these biases and limitations, the degree of improvement in PFS is noteworthy and statistically significant. A strength of our study is our multi-center approach, which helps to reduce the bias inherent to treatment patterns and other confounding factors present at a single institution. Further investigations with a larger retrospective database, such as the SEER database, and randomized, prospective trials that include multiple cancer types and all stages are warranted as the next step. As previously mentioned, the OS data was not statistically significant in this study, we hope to investigate this further in our large retrospective database to study the relationship between DPP4 inhibitors and malignancies, and their effect on OS. We will be analyzing data from a larger database to validate these results.
